Maintaining a high Ca 2+ concentration in the lumen of the endoplasmic reticulum (ER), by the action of sarco/endoplasmic reticulum Ca 2+ -ATPases (SERCAs), is important in many cellular processes, such as Ca 2+ -mediated cytosolic signaling in response to extracellular stimuli, cell growth and proliferation, and synthesis, processing and folding of ER-translated proteins. In the thyroid gland, SERCAs have not been studied yet, and there is little information available on general problems such as the expression of SERCAs following neoplastic transformation.
Introduction
Cytoplasmic Ca 2+ acts as a second messenger, controlling many different aspects of cellular physiology (Lytton et al. 1992) . Intracellular organelles play a critical role in this regulation by acting both as sites of storage for subsequent release and as sites of accumulation for removal of Ca 2+ from cytoplasm (Lytton et al. 1992) . The endoplasmic reticulum (ER) Ca 2+ storage is crucial for a variety of Ca 2+ -dependent processes, such as Ca 2+ -mediated cytosolic signaling in response to extracellular stimuli (Berridge 1993) , cell growth and proliferation (Ghosh et al. 1991 , Berridge 1995 , and synthesis, processing and folding of ER-translated proteins (Lodish & Kong 1990 , Lodish et al. 1992 , Cooper et al. 1997 . Ca 2+ concentrations in ER are much higher than cytosolic ones because of the ability of three sarco/endoplasmic reticulum Ca 2+ -ATPases (SERCA1, SERCA2 and SERCA3) to generate a Ca 2+ gradient from cytoplasm to ER (Burk et al. 1989 , Meldolesi & Pozzan 1998 . Different transcripts from all three genes are produced as a consequence of mRNA alternative splicing mechanisms and expressed in a tissue-specific manner (Burk et al. 1989) . The transcripts show a high grade of homology and give rise to a number of isozymes differing in their C-terminal regions (Burk et al. 1989) . The splicing of the SERCA1 primary transcript produces two isozymes, SERCA1a and 1b (Brandl et al. 1987) , both expressed only in fast-twitch skeletal muscle (Brandl et al. 1987) . In particular, SERCA1a is expressed in adult skeletal muscle, whereas SERCA1b is the neonatal counterpart (Brandl et al. 1987) . Similarly, SERCA2 gene encodes two isoforms, SERCA2a and 2b (Gunteski-Hamblin et al. 1988 , Lytton & MacLennan 1988 , the former expressed in cardiac and slow-twitch skeletal muscle (Burk et al. 1989 , Wu et al. 1995 , the latter ubiquitously expressed in all non-muscle tissues at different levels (Burk et al. 1989 , Wu et al. 1995 . Three isozymes are produced from SERCA3 gene, SERCA3a, 3b and 3c (Burk et al. 1989 , Dode et al. 1998 , Martin et al. 2000 , expressed in various non-muscle tissues, at variable levels, but always in the same tissues where SERCA2b is present (Wu et al. 1995 , Launay et al. 1997 , Lee et al. 1997 . Transient expression of SERCAs in COS cells has proven to be a powerful system for addressing the specific function of different isozymes (Lytton et al. 1992 ). All isoforms display qualitatively similar enzymatic properties and are activated by Ca 2+ in a cooperative manner (Lytton et al. 1992) . The quantitative properties of SERCA1 isozymes and SERCA2a are identical, while SERCA2b appears to have a lower turnover rate for both Ca 2+ transport and ATP hydrolysis (Lytton et al. 1992) . SERCA3 isozymes display a reduced affinity for Ca 2+ and an altered pH dependence when compared with the other SERCA isoforms (Lytton et al. 1992) .
Recently, a new aspect of SERCA2b function has been proposed, given its ability to act as a member of the ER stress protein family whose expression is up-regulated in the ER stress-induced unfolded protein response (UPR) (Caspersen et al. 2000) . In fact, an increase of both SERCA2b mRNA and protein levels, paralleled by an increase of mRNA levels for the ER stress marker proteins BiP/GRP78 and CHOP/GADD153, has been observed in PC12 cells after treatments with agents interfering with ER function, such as tunicamycin or dithiothreitol (Caspersen et al. 2000) . On the contrary, SERCA3 mRNA levels did not change in the PC12 cells treated with the same stress agents (Caspersen et al. 2000) .
While the tissue distribution and biochemical properties of SERCAs have been extensively studied in humans and rats, no information is available about thyroid expression of SERCA2b and SERCA3 isozymes (the non-muscle isoforms). Moreover, little is known about general problems such as the regulation of SERCA expression following neoplastic transformation. This latter issue is of considerable importance, and not only in the thyroid field. This stems from the multiplicity of cellular functions in which SERCAs are implicated (Lodish & Kong 1990 , Ghosh et al. 1991 , Lodish et al. 1992 , Berridge 1995 , Cooper et al. 1997 , Caspersen et al. 2000 and which could participate in the establishment and maintenance of the neoplastic phenotype. Several of these SERCAmodulated cellular functions have been studied, in the thyroid, by our group (Zarrilli et al. 1990 , Di Jeso et al. 1992 , 1999 , 2003 , Pacifico et al. 1995 , 1999 , Leonardi et al. 2002 .
To study the SERCA expression pattern in thyroid, we analyzed the expression of the non-muscle SERCA2b and SERCA3 mRNAs in rat thyroid. We found that SERCA2b was expressed in rat thyroid at intermediate levels between brain and spleen, while SERCA3 only at low levels.
To investigate the SERCA expression following neoplastic transformation, we employed normal and transformed PC Cl3 thyroid cells. PC Cl3 cells are fully differentiated thyroid cells (Fusco et al. 1987 , Berlingieri et al. 1993 , which express the typical markers of thyroid differentiation, such as thyroglobulin (Tg), thyroperoxidase (TPO), thyrotropin receptor (TSHR) and sodium iodide symporter (NIS) and are sensitive to thyrotropin (TSH) stimulation for their growth (Fusco et al. 1987 , Berlingieri et al. 1993 ). These cells have been successfully employed to reproduce in vitro a multi-step model of cancerogenesis and to dissect the sensitivity to neoplastic transformation of the differentiation program of thyroid cells (Fusco et al. 1987 , Zarrilli et al. 1990 , Berlingieri et al. 1993 . We showed that only SERCA2b was expressed in normal PC Cl3 thyroid cells and its expression dramatically decreased in transformed PC Cl3 thyroid cells with a highly malignant phenotype.
Materials and methods

Cell lines
PC Cl3, a rat differentiated thyroid cell line, was grown in Coon's modified Ham's F-12 medium (Sigma, St Louis, MO, USA) supplemented with 5% calf serum (Sigma) and a mixture of hormones and growth factors (insulin 1 µg/ml; TSH 1 mIU/ ml; glycyl-histidyl--lysine 10 ng/ml; human transferrin 5 µg/ml; cortisone 10 nM; somatostatin 10 ng/ml) (Sigma) (Fusco et al. 1987 , Berlingieri et al. 1993 . PC E1A, PC Raf, PC Py, PC E1A+Raf and PC E1A+Py are PC Cl3 cells transformed respectively by the adenovirus E1A gene, the raf oncogene, the polyoma virus middle T gene or by a combination of these oncogenes (Fusco et al. 1987 , Berlingieri et al. 1993 . They were grown in the same medium as PC Cl3 cells, but lacking the mixture of hormones and growth factors.
RNA extraction
Total RNA was extracted from rat winstar tissues and cell lines by the Chomczynski & Sacchi (1987) method. After checking the integrity of RNA by electrophoresis on agarose gel, an aliquot of total RNA was incubated for 15 min at 37 C with 20 U of Rnase-free Dnase I (Promega, Madison, WI, USA) to digest contaminating genomic DNA.
RT-PCR assays
RT-PCR experiments were performed in accordance with standard methods (Innis et al. 1990) . cDNA (0·5 µg) was amplified in 50 µl PCR buffer (Promega) containing 15 pmol SERCA2b or SERCA3 specific forward and reverse primers (see below). After a first step of denaturation for 2 min at 95 C, 25 or 35 cycles of cDNA amplification from tissue and cell line extracts were performed as follows: 30 s at 95 C, 30 s at 55 C and 30 s at 72 C with a final extension of 5 min at 72 C. The last 20 cycles of amplification from both tissue and cell line extracts were carried out adding 15 pmol rat GAPDH forward and reverse specific primers (Pacifico et al. 1995) to the PCR mixture. The following SERCA primers were used: forward 5 -TCT ACC AGC TGA GTC ATT TC-3 (bp 2075-2094) and reverse 5 -TAA AGT TAG TGT CTG TGC TG-3 (bp 2589-2570) for rat SERCA2b (Franklin et al. 2001) ; forward 5 -CCT GCT CTC GGC TGC CGA CG-3 (bp 15-34) and reverse 5 -GTG GAC TTG ATC TCG ATG AG-3 (bp 483-464) for rat SERCA3 (Burk et al. 1989) . The products of PCRs were analyzed by electrophoresis on 1% agarose gels and visualized under UV light after ethidium bromide staining. Bands were quantitated by densitometry with a desk scanner (Pharmacia Discovery system; Pharmacia, Uppsala, Sweden) and RFLPrint software (PDI, Huntington Station, NY, USA). Only gel exposures within the linear range of the film and the scanner were measured. Longer exposures were usually used for photography. Measurements of SERCA2b and SERCA3 mRNA levels in rat tissues and cell lines were performed at at least two cDNA concentrations and normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA content.
Northern blot experiments
Twenty micrograms of total RNA from rat tissues and cell lines were analyzed by electrophoresis on a 1·2% formaldehyde agarose gel and blotted onto nitrocellulose membranes (BioRad, Hercules, CA, USA), according to Maniatis et al. (1989) . Filters were washed twice in 10 ml 2 SSPE (0·3 M NaCl, 0·02 M NaH 2 PO 4 , 0·002 M EDTA), incubated for 5 h at 42 C in 10 ml pre-hybridization buffer (50% formamide, 5 SSPE, 2 Denhardt's solution, 0·2% SDS, 100 µg/ml sonicated denaturated salmon sperm DNA) and, then, for 16 h in 10 ml of the same buffer with 1 10 7 c.p.m./ml of [ 32 P]dATP-labeled specific probe encompassing bp 2074-2590 of rat SERCA2b cDNA (Franklin et al. 2001) . After the hybridization step, filters were washed twice at room temperature in 10 ml 2 SSPE, 0·2% SDS and once at 42 C in the same washing buffer. Detection was by autoradiography. Bands were quantitated by densitometry with a desk scanner (Pharmacia Discovery system) and RFLPrint software. Only gel exposures within the linear range of the film and the scanner were measured. Longer exposures were usually used for photography.
Western blot assay
Isolation of a microsomal fraction from rat tissues and cell lines was carried out as previously described (Maruyama & MacLennan 1988) . After evaluation of protein content, 100 µg total proteins from microsomal fractions of tissues and cell lines were boiled in loading buffer containing 2% SDS and 5% -mercaptoethanol and analyzed by SDS-PAGE. Then, proteins were electroblotted onto polyvinylidene difluoride (PVDF) sheet (Millipore, Bedford, MA, USA). The filter was blocked for 15 h at 4 C with Tris-buffered saline Tween 20 (TBST) buffer (10 mM Tris-HCl pH 8·0, 0·1% Tween 20, 150 mM NaCl) containing 10% non-fat dry milk and then incubated in TBST buffer for 2 h at room temperature with a 1:100 dilution of the goat polyclonal Ab-SERCA2 (N-19) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). After TBST washing, the blot was incubated for 1 h at room temperature with horseradish peroxidase-conjugated rabbit anti-goat antibody (BioRad, Segrate, Italy) diluted 1:3000 in TBST buffer; detection was by enhanced chemiluminescence (ECL) (Amersham, Little Chalfont, Bucks, UK).
Assay of Ca 2+ -dependent ATPase activity of SERCAs
Total cell lysates and microsomal fractions of normal and transformed thyroid cell lines were also used to measure Ca 2+ -dependent ATPase activity of SERCAs. Isolation of a microsomal fraction from cell lines was carried out as previously described (Maruyama & MacLennan 1988) . To prepare total cellular lysates, cells were washed twice with PBS, then swollen by incubation with 5 mM KMOPS, pH 7·0, for 15 min on ice. After addition of 0·1 mM phenylmethylsulfonyl fluoride and 100 units/ml trasylol, cells were homogenized with 50 strokes in a glass Dounce homogenizer. ATPase activities were determined at 37 C (Ottolenghi 1975 ) by measuring inorganic phosphorus (Pi) production by a modification of the method of Fiske and Subbarrow (Higgins 1987 ). This method is based on the reaction between phosphate and molybdate to give the yellow molybdate phosphoric acid, which contains molybdate (Mo(VI)), which is then reduced to Mo(V) present in a blue colored heteropolyacid compound. This blue compound is directly measured by reading the absorbance at 700 nm. Typically, 10 µg microsomes or 100 µg total cell lysates were incubated in 25 mM KMOPS, 100 mM KCl, 5 mM MgCl 2 , 4 mM ATP, 0·11 mM EGTA, 107 µM CaCl 2 pH 7·0, [Ca]free 5 µM, for 10 min at 37 C. The free Ca 2+ concentration was calculated using the CHELATOR program (implemented in Turbo Pascal 5·5 for IBM PC) (Schoenmakers et al. 1992) . The phosphate produced was determined directly by reading the absorbance at 700 nm of a standard curve. Activity either in the presence of EGTA alone or in the presence of 25 nM thapsigargin (Lytton et al. 1991 ) (which gave equivalent results) was subtracted. Inclusion in the buffer of sodium azide or ptrifluoromethoxyphenylhydrazone, potent inhibitors of mitochondrial Ca 2+ uptake, did not modify the results. Also, the results were not modified whether PC E1A+Raf or PC E1A+Py cells were cultured in the absence or in the presence of the six hormone and growth factor mixture. Reactions were linear with respect to time and protein concentrations.
Statistical analysis
Data were expressed as means S.E.M. The statistical significance of differences between cell types was determined using a one-tailed Student's t-test of the STAT VIEW program (Abacus Concepts Inc., Berkeley, CA, USA). P<0·05 was considered statistically significant.
Results
Analysis of SERCA2b and SERCA3 mRNA expression in rat thyroid
Expression of SERCA2b and SERCA3 mRNAs has been reported in a wide range of rat tissues (Burk et al. 1989) , but no information is available about their expression in the thyroid gland. Therefore, we analyzed first SERCA2b and SERCA3 mRNA expression by semi-quantitative RT-PCR on total RNA from rat thyroid. Figure 1 shows that, after 25 cycles of PCR amplification, a band of the expected size (514 bp), corresponding to SERCA2b, was detected in thyroid and its intensity was much higher than that from liver and spleen RNA samples (Fig. 1A, panel 1) . On the other hand, under the same experimental conditions, no expression of SERCA3 mRNA was detected in either thyroid or liver, while a SERCA3 cDNA fragment of the expected size (468 bp) was amplified in spleen (Fig. 1A, panel 2) . By increasing the number of PCR cycles (35 cycles instead of 25), a faint band appeared in thyroid, with a size corresponding to that amplified from spleen RNA (Fig. 1A, panel 3 ). Even at high PCR amplification cycles, SERCA3 mRNA was not amplified from liver RT samples (Fig. 1A, panel 3) , confirming its absence previously shown on poly (A) + RNA from rat liver (Burk et al. 1989) . RNA levels of GAPDH, the housekeeping gene used as internal control to normalize SERCA2b and 3 mRNA content, were identical in all samples (Fig. 1A, panel 4) . The specificity of the cDNA bands amplified by PCR was evaluated by the inability of Taq polymerase to amplify any product from a sample containing the PCR reaction mixture minus cDNA (Fig. 1A , 'Control').
To further support these data, we analyzed SERCA2b mRNA expression by Northern blot. Figure 1B shows that SERCA2b mRNA was detected in rat thyroid and, at much higher levels, in brain, but not in liver. Only at longer filter exposure was it very barely seen in liver (data not shown). In particular, in thyroid were clearly expressed two (6·2 and 4·6 kb) of the three spliced isoforms of SERCA2b mRNA (Burk et al. 1989) , as indicated by transcript sizes (Fig. 1B, upper panel) , while the third transcript (7·7 kb) was detected only at longer filter exposure. An additional band slightly slower than 6·2 kb transcript was detected in brain (Fig. 1B, upper panel) . The mRNA isoforms arise from an alternative splicing of the 3 -UTR region of SERCA2b mRNA (Burk et al. ) 32 P-labeled cDNA probes were performed on 20 µg total RNA from rat brain, thyroid and liver. After the hybridization step, filters were washed twice at room temperature in 10 ml 2×SSPE, 0·2% SDS and once at 42°C in the same washing buffer. Detection was by autoradiography. SERCA2b transcripts sizes and ribosomal 28S and 18S RNA are indicated. Bands corresponding to 6·2 and 4·6 kb transcripts were quantitated by densitometry with a desk scanner (Pharmacia Discovery system) and RFLPrint software. Only gel exposure within the linear range of the film and the scanner were measured. Longer exposures were usually used for photography.
1989). They were evident by Northern blot, but not by RT-PCR assays on tissue as well as on cell line RNA extracts (see below), since in this latter assay we used primers able to amplify a portion of the coding region of SERCA2b mRNA. These results were confirmed by using SERCA2b-labeled probes encompassing different regions of SERCA2b full-length cDNA (data not shown), to exclude any possible cross-hybridization with SERCA3 isoforms, given the high grade of homology between SERCA2b and SERCA3 cDNA sequences (Burk et al. 1989) . The same RNA content from rat brain, thyroid and liver preparations was analyzed by Northern blot, as normalized to GAPDH mRNA levels (Fig. 1B,  lower panel) .
Analysis of SERCA2b mRNA expression in normal and transformed PC Cl3 thyroid cells
To study the expression of SERCA2b mRNA in normal and neoplastic cells, we used PC Cl3 thyroid cells, normal and transformed by several oncogenes (Fusco et al. 1987 , Zarrilli et al. 1990 , Berlingieri et al. 1993 . Properties of normal and transformed rat PC Cl3 thyroid cells are shown in Table 1 . Besides the parental, fully differentiated PC Cl3 cell line, the various oncogene-carrying cell lines have been divided in three groups according to their degree of malignancy. The first group includes cell lines that are not tumorigenic when injected into athymic mice, the second includes cell lines that give rise to small, non-aggressive tumors after 3-4 weeks of latency, while the third group includes the most malignant cell lines that induce very aggressive tumors in 7-10 days, causing the death of the animals (Fusco et al. 1987 , Berlingieri et al. 1993 , Pacifico et al. 2000 . SERCA2b mRNA expression in normal and transformed PC Cl3 cells was initially evaluated by semi-quantitative RT-PCR assays ( Fig. 2A) . A SERCA2b cDNA fragment of 514 bp was amplified from RT samples of all cell lines analyzed, while no PCR amplification was seen in the negative control ( Fig.  2A) . In particular, SERCA2b mRNA was detectable in all PC Cl3 cell lines at as early as 25 cycles of amplification, albeit at different levels. In fact, PC Cl3 cells transformed by a single oncogene (PC E1A, PC Raf and PC Py), that are non-or low-tumorigenic cells (Table 1) , expressed an amount of SERCA2b mRNA comparable with that of normal PC Cl3 cells ( Fig. 2A and B) , whereas PC Cl3 cells transformed by two oncogenes (PC E1A+Raf and PC E1A+Py), that display features of highly tumorigenic cells (Table  1) , showed a significant decrease of SERCA2b mRNA expression with respect to normal PC Cl3 cells ( Fig. 2A and B) . GAPDH mRNA levels were not affected by neoplastic transformation of PC Cl3 cells ( Fig. 2A) . Measurements of SERCA2b mRNA expression were performed at at least two cDNA concentrations and normalized to the GAPDH mRNA content (Fig. 2B) .
Since semi-quantitative RT-PCR showed a reduced expression of SERCA2b mRNA in highly tumorigenic PC E1A+Py and PC E1A+Raf cells, Table 1 Normal and transformed rat thyroid cell lines. The cell lines were assigned to different groups on the basis of their ability to induce tumors in nude mice assayed by injecting 1×10 6 cells into 4-to 6-week-old mice. The PC C13 rat thyroid cells were derived from 18-month-old normal Fisher rats (Fusco et al. 1987 , Berlingieri et al. 1993 we further analyzed these data by Northern blot on total RNA from normal PC Cl3 cells and highly tumorigenic PC E1A+Py and PC E1A+Raf cells (Fig. 2C) . By using the same SERCA2b cDNA probe of Fig. 1B , we clearly detected all three SERCA2b transcripts in both normal and transformed PC Cl3 cells (Fig. 2C, upper panel) . More importantly, Northern blot analysis showed that the expression of all SERCA2b mRNA isoforms was strongly decreased in PC E1A+Py cells and even Northern blot assay with a specific SERCA2b 32 P-labeled cDNA probe was performed on 20 µg total RNA from PC Cl3, PC E1A+Py and PC E1A+Raf thyroid cell line extracts. After the hybridization step, the filter was washed twice at room temperature in 10 ml 2×SSPE, 0·2% SDS and once at 42°C in the same washing buffer. Detection was by autoradiography. SERCA2b transcripts sizes and ribosomal 28S and 18S RNA are indicated. Bands corresponding to 6·2 and 4·6 kb transcripts were quantitated by densitometry with a desk scanner (Pharmacia Discovery system) and RFLPrint software. Only gel exposure within the linear range of the film and the scanner were measured. Longer exposures were usually used for photography.
further in PC E1A+Raf cells (Fig. 2C, upper  panel) , in which SERCA2b mRNAs were detectable at longer exposure of the filter (data not shown). Also in this case, we probed the filter with different SERCA2b cDNA fragments and we obtained identical results (data not shown). The same RNA content from normal and transformed cells was analyzed, as normalized to 28S and 18S ribosomal RNA levels (Fig. 2C, lower panel) .
Western blot analysis of SERCA2b expression in thyroid tissue and in normal and transformed PC Cl3 thyroid cells
The expression of SERCA2b in thyroid tissue as well as in normal and transformed PC Cl3 thyroid cells was also performed by Western blot analysis (Fig. 3A) . As shown in the Figure, the Ab-SERCA2 (N-19) was able to recognize a band of the expected molecular mass for SERCA2b (115 kDa) in thyroid and, at higher levels, in brain, but not in liver (Fig.  3A and B) , mimicking the data obtained by Northern blot analysis (Fig. 1B) . The Ab-SERCA2 (N-19) also showed SERCA2b expression in normal PC Cl3 cells and, at lower levels, in highly tumorigenic PC E1A+Py cells, while in highly tumorigenic PC E1A+Raf cells the SERCA2b protein was reduced even further (Fig. 3A) . As in the case of the Northern blot, a longer exposure of the filter showed a clear expression of SERCA2b protein in PC E1A+Raf cells (data not shown). Therefore, the expression pattern of SERCA2b protein reflected that observed at the mRNA level: a strong decrease of the protein content was evident in highly malignant PC E1A+Py and PC E1A+Raf cells with respect to normal PC Cl3 cells (Fig. 3A  and B) . The SERCA2b protein content was normalized to the total protein content and expressed as a percentage of brain value (Fig. 3B) .
Ca
2+ -ATPase activity of SERCA2b pump in normal and transformed PC Cl3 thyroid cells
The method used here to measure the Ca 2+ -ATPase activity was sensitive and reproducible. Ca 2+ -ATPase activity increased linearly with increasing amounts of microsomes and total cell lysates from 5 to 60 µg and from 5 to 400 µg, respectively, and with increased incubation times from 5 to 30 min. Ca 2+ -ATPase activity in microsomes of PC Cl3 cells was 482·30 nmol Pi/min per mg protein (Fig. 4) . A very similar value (431·15 nmol Pi/min per mg protein) was obtained in microsomes prepared from FRTL-5 cells (Fig. 4) , another fully differentiated thyroid cell line (Ambesi-Impiombato & Villone 1987). Strikingly, the activity measured in microsomes of dedifferentiated, fully transformed thyroid cells, PC E1A+Py (158·78 nmol Pi/min per mg protein) decreased about 3-fold, and that measured in microsomes of PC E1A+Raf cells (73·87 nmol Pi/min per mg protein) decreased about 7-fold (Fig. 4) . Furthermore, to verify that this dramatic decrease of Ca 2+ -ATPase activity in fully transformed thyroid cells was present also before subcellular fractionation, we measured this activity in whole cellular lysates of PC Cl3 cells and PC E1A+Raf cells. We obtained values (69·12 nmol Pi/min per mg protein and 8·23 nmol Pi/min per mg protein respectively) that accurately reflected the differences found with the microsomal preparations. Therefore, the decreased expression of SERCA2b in PC E1A+Py and in PC E1A+Raf cells, at mRNA and protein levels, correlated with a decreased Ca 2+ -ATPase activity of the pump.
Discussion
The results of the present study demonstrate that the ubiquitously expressed isoforms of SERCA enzymes, SERCA2b and SERCA3, are differentially expressed in rat thyroid. In fact, while SERCA2b mRNA is detectable at high level in rat thyroid, by both semi-quantitative RT-PCR and Northern blot assays, SERCA3 mRNA is not detected by Northern blot analysis on total rat thyroid RNA and it is barely amplified after a high number of PCR cycles from RT samples. The expression analysis of the two isozymes also shows that SERCA2b mRNA is lower in thyroid than in brain, but much higher than in liver or spleen, while SERCA3 mRNA levels are about 20-fold lower in thyroid than in spleen. Therefore, while both enzymes are generally co-expressed in a number of tissues, with a similar degree of expression (Launay et al. 1997 , Lee et al. 1997 , in the thyroid SERCA2b mRNA is expressed at much higher levels than that of SERCA3 mRNA, which is almost undetectable. The different expression levels of the two enzymes and, more importantly, the high levels of SERCA2b mRNA, suggest an important role of SERCA2b in the normal thyroid. SERCA2b catalyzes the active transport of Ca 2+ from cytosol into ER, a fundamental function for a number of cell activities (Lodish & Kong 1990 , Ghosh et al. 1991 , Lodish et al. 1992 , Berridge 1993 , Cooper et al. 1997 . The most important and abundant product of the thyrocyte is Tg, the precursor of thyroid hormones, a very complex glycoprotein with a molecular mass of 330 kDa (Werner & Ingbar 1991) . Tg may contribute up to 50% of protein synthesis in the gland (Werner & Ingbar 1991) . We have demonstrated that post-translational modifications as well as correct ER exit of Tg require Ca 2+ (Di Jeso et al. 1992 , 1999 . In fact, treatment of thyroid cells with thapsigargin, a well known inhibitor of SERCA pumps acting as an ER Ca 2+ -depleting agent (Lytton et al. 1991) , inhibits the terminal glycosylation of Tg or, if performed in low Ca 2+ medium, blocks its export to the Golgi complex (Di Jeso et al. 1998 ). This latter effect was caused by a perturbation of the Ca 2+ -dependent interactions of Tg with ER chaperones (BiP/GRP78, GRP94, calnexin, calreticulin) involved in Tg folding (Di Jeso et al. 2003) . Thus, when the Ca 2+ concentration in the ER lumen falls, the folding of Tg in the ER does not occur correctly. As a consequence, unfolded Tg accumulates in ER and is not exocytosed, thereby blocking thyroid hormone synthesis. Although not proven, a similar Ca 2+ requirement for folding could be shown by TPO, an apical enzyme catalyzing iodide organification and iodotyrosine coupling (Werner & Ingbar 1991) , and by the Na + /I symporter, a basolateral iodine pump, also involved in thyroid hormone synthesis (Werner & Ingbar 1991 ). Thus, the high level expression of the SERCA2b pump could be fundamental for the physiological functions of the thyroid gland, given its role in the generation and maintenance of the high Ca 2+ concentration in the ER lumen necessary for the correct folding of Tg and other proteins involved in hormonogenesis.
In this paper we also show that the fully transformed phenotype of thyroid cells negatively regulates the expression and function of SERCA2b enzyme. RT-PCR, Northern blot, Western blot and enzymatic assays all show that the expression of SERCA2b dramatically decreases in highly tumorigenic thyroid cells (PC E1A+Py and PC E1A+Raf). To the best of our knowledge, this is one of the first reports of a dramatic down-regulation of SERCA enzymes following neoplastic transformation. In fact, very recently it has been reported that the expression of SERCA3 is lost in human colon carcinomas and dramatically reduced in colonic and gastric carcinoma cell lines, while the expression of SERCA2 is not altered (Gelebart et al. 2002) . These results could appear at variance with ours reported here. In fact, in colon and gastric carcinomas, SERCA3 is down-regulated, while SERCA2b is unchanged. The data of Gelebart et al. are in line with the general concept that SERCA3 expression is linked to differentiation while SERCA2b serves general housekeeping duties.
This view has been recently questioned, as it has become clear that SERCA2b could be the exclusive SERCA isoform expressed by highly differentiated cells (Franklin et al. 2001) . In this respect, our results support this new concept: the thyrocyte appears to behave similarly to enamel cells in that it is a highly differentiated cell expressing almost exclusively SERCA2b. Moreover, as stressed above, SERCA2b activity could be necessary to the central function of the thyrocyte, the synthesis of triiodothyronine and thyroxine. Therefore, our results suggest that in cells expressing exclusively or mostly SERCA2b, neoplastic transformation interferes with the expression of this form of SERCA. In this respect we are verifying whether these observations are confirmed at the level of natural thyroid tumors. We do not know, at present, if these findings have a functional significance in the biology of a neoplastic cell. However, it is known that SERCA2b acts as a member of the ER stress protein family whose expression is up-regulated in the ER stress-induced UPR (Caspersen et al. 2000) . The UPR is a cell response that makes cells able to survive stress or to die by apoptosis (Kaufman 1999 
